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Edited by Varda RotterAbstract Previous studies have illustrated that hnRNP K,
which could be methylated at arginine residues, plays a key role
in coordinating transcriptional responses to DNA damage as a
cofactor for p53. In this study, we observed that hnRNP K
was markedly arginine methylated in response to UV radiation.
Furthermore, arginine methylation of hnRNP K enhanced its
aﬃnity with p53. Inhibition of methylation in hnRNP K attenu-
ated the recruitment of p53 to p21 promoter, and reduced p53
transcriptional activity. These data suggested that arginine
methylation of hnRNP K is a key element for p53 transcriptional
activity.
 2008 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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HnRNP K (MW 65 kDa) belongs to the family of heteroge-
neous nuclear ribonucleoproteins (hnRNPs), which participate
in the process of pre-mRNA processing and mature mRNA
exporting out of the nucleus. Moreover, hnRNP K is involved
in many processes including chromatin remodeling, transcrip-
tion and translation [1]. For example, hnRNP K along with
hnRNP E1/2 binds to the diﬀerentiation control element
(DICE) in 3 0-UTR of the 15-lipoxygenase (LOX) gene and si-
lences the translation of LOX [2]. Many forms of hnRNP K
posttranslational modiﬁcations inﬂuence hnRNP K functions,
such as c-Src-mediated phosphorylation [3] and arginine meth-
ylation [4] aﬀect the association between hnRNP K and DICE.
Arginine methylation is one of the hnRNP K posttranslational
modiﬁcations. HnRNP K contains regions with clustered argi-
nine residues, which is typical asymmetrically dimethylated, in
Arg-Gly-Gly motif (RGG box) or RG repeats. And protein
arginine methyltransferase 1 (PRMT1) is identiﬁed as the only
methyltransferase that methylates hnRNP K in vivo and in vi-
tro [4]. Although arginine methylation of hnRNP K is well de-
scribed, the further functions and regulatory mechanisms
remain unclear.Abbreviations: TAD, transactivation domain; DBD, DNA-binding
domain; CTD, C-terminus domain; RNAi, RNA interference
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radiation, ataxia telangiectasia mutated (ATM) and ataxia tel-
angiectasia and Rad3-related (ATR) are activated, and some
downstream target molecules are phosphorylated as follows.
One of the downstream molecules, transcription factor p53,
plays central roles in cellular processes, such as growth arrest,
DNA repair, and apoptosis [5,6]. In response to UV radiation,
p53 promotes cell cycle arrest via its target genes. For example,
p21WAF/CIP induces G1/S arrest [7], and GADD45 induces
G2/M arrest [8]. The pivotal role of p53 in cellular stress
responses is reﬂected by the complex regulatory mechanisms
that control its activity. Many forms of p53 posttranslational
modiﬁcations inﬂuence p53 activity [9]. And p53 also together
with a number of factors regulates p53 activity, such as
p53BP1 binds to p53 and enhances its mediated transcriptional
activation [10]. Moreover, hnRNP K, as a cofactor for p53, is
also involved in cellular response to DNA damage [11]. How-
ever, the particular mechanisms of how hnRNP K associates
with 53 and regulates p53 transcriptional activity remain
poorly understood.
In this study, we show that hnRNP K was markedly arginine
methylated in response to UV radiation. And UV-induced
methylation of hnRNP K enhances aﬃnity of hnRNP K with
p53 and p53 transcriptional activity. The data here provide
possible mechanisms of how hnRNP K associate with 53
and regulate p53 transcriptional activity.2. Materials and methods
2.1. Cell culture and transfection
BEL-7404 was purchased from Type Culture Collection of Chinese
Academy of Sciences, Shanghai. U2OS and SaOS-2 were purchased
from ATCC. These cells were maintained in Dulbecoos modiﬁed Ea-
gles medium (Gibco) containing 10% fetal bovine serum, 100 lg/ml
streptomycin sulfate and 100 lg/ml penicillin at 37 C in 5% CO2.
Transient transfections were performed using Lipofectamine plus
(Invitrogen) according to the manufacturers protocol.
2.2. Plasmid construction
The mutant V143A of p53 was described previously [12]. PRMT1,
p53 and its deletions were cloned into pET-28(+)a (Novagen). hnRNP
K was cloned into pET-41(+)b (Novagen). Arginine to glycine variant
(GST-KG5) in which the ﬁve quantitatively modiﬁed arginine residues
(Arg256, Arg258, Arg268, Arg296 and Arg299) in vivo was generated by
site directed mutagenesis (Stratagene).
2.3. Western blot
The samples were loaded on SDS–PAGE, transferred, probed with
antibodies, and visualized with enhanced chemiluminescence [12].
Antibodies against hnRNP K, GADD45a, His-tag (Santa Cruz),ation of European Biochemical Societies.
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(Zymed Laboratories), p53 Ser15P (SAB), and p53-HRP (R&D Sys-
tems) were used.
2.4. UV treatment, wortmannin treatment and MTA treatment
Cells were incubated in the presence of mock or 0.75 mMMTA (Sig-
ma-Aldrich) for 3 h and then treated with UV (25 J/m2) at 50–70% con-
ﬂuency. Cells were incubated in the presence of mock or 10 lM
wortmannin (Sigma–Aldrich) for 30 min and then treated with UV [11].2.5. In vivo co-immunoprecipitation
Cells were lysed for 30 min at 4 C in immunoprecipitation (IP) buf-
fer (10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 0.5% NP-40, 0.75 mM MTA, 0.2 mM
Na3VO3, and 0.2 mM PMSF). Cell extracts were performed as
described[12].
2.6. In vitro methylation assay
Puriﬁed proteins were incubated at 30 C for 2 h in reaction buﬀer
(64 lM S-adenosylmethionine, 50 mM HEPES-KOH (pH 8.0),
40 mM potassium acetate, 0.2 mg/ml BSA, 0.01% NP40, 10% glycerol,
1 mM EDTA, 0.5 mM dithiothreitol) [4]. Methylated recombinant
protein (GST-Km) was puriﬁed using glutathione agarose beads.2.7. Recombinant proteins puriﬁcation and GST pull-down
Bacteria expressed protein of hnRNP K (GST-K) and hnRNP KG5
(GST-KG5) were puriﬁed using glutathione agarose beads. Recombi-
nant proteins p53 (His-p53) and its mutants were puriﬁed using
Ni-NTA agarose (Invitrogen). GST pull-down assay was performed
as described [13].
2.8. Chromatin immunoprecipitation (ChIP) assay
U2OS cells were treated as indicated, then ChIP was performed as
described [11].2.9. RT-PCR assay
To measure mRNA level of p21, a semi-quantitative RT-PCR assay
was performed. Total RNA extraction, reverse transcription and PCR
were performed as described [12].
2.10. RNA interference
Plasmid encoding shRNAs directed against human PRMT1 was
constructed by cloning oligonucleotides targeting nucleotides
977–998 (GGCGAGGAGATCTTCGGCACCAA) of PRMT1, in
pSuper.retro.puro (OligoEngine), as previously described [14]. Oligo-
nucleotides targeting green ﬂuorescent protein (GFP) (GAACGG-
CATCAAGGTGAAC) was used as a control [12].
2.11. Temperature-inducable p53 transactivation system and MTA
treatment
p53-null SaOS-2 cells were transiently transfected with a tempera-
ture-sensitive mutant of p53, p53V143A, and maintained for 24 h [12].
After maintenance, cells were incubated in the presence of MTA or
mock for 24 h and then switched to temperature indicated for time
indicated.
2.12. p53-mediated reporter assay
PG13 plasmid was kindly provided by Dr. Bert Vogelstein. To mea-
sure p53 transcription activity, after co-transfected with indicated plas-
mids, SaOS-2 cells were treated as above, then switched to temperatures
indicated for 6 h. Luciferase assay was measure as described [12].Fig. 1. Arginine methylation in hnRNP K was induced in response to
UV treatment. (A) Extracts from U2OS cells, before or after UV
treatment at the times indicated, were analyzed by immunoprecipita-
tion with an anti-hnRNP K antibody followed by WB with antibody
indicated. (B) U2OS cells were analyzed in a similar fashion to those in
(A) but were treated with MTA. (C) Extracts from U2OS cells
maintained in the presence of mock (Wort) or wortmannin (+Wort)
prior to untreated (unt) or treated with UV for 1 h were analyzed by
immunoprecipitation with an anti-hnRNP K antibody followed by
WB with antibody indicated.2.13. Electrophoretic mobility shift assay (EMSA)
The p21/WAF oligonucleotide contained three copies of the p53
binding site (GAACATGTCCCAACATGTTGGAACATGTCCCA-
ACATGTTGGAACATGTCCCAACATGTTG) derived from the
promoter of p21/WAF. In temperature-inducable p53 transactivation
system, cells were treated as above, and then were switched to 32 C
for 1 h. Nuclear extracts were prepared and then subjected to electro-
phoretic mobility shift assay (EMSA) as described [15].3. Results and discussions
3.1. Arginine methylation of hnRNP K was induced in response
to UV radiation
As a posttranslational modiﬁcation, arginine methylation
participates in many cellular processes [16]. Here, we observed
that arginine methylation of hnRNP K was induced in re-
sponse to UV stress. The levels of arginine methylation in
hnRNP K increased within 1 h after exposure to UV and then
markedly decreased within 3 h (Fig. 1A). And in the presence
of small molecular inhibitor (MTA) of arginine methyltrans-
ferase, the transient increase in methylation of hnRNP K
was inhibited upon UV exposure after 1 h (Fig. 1B). Moreover,
we showed that UV-induced arginine methylation of hnRNP
K was prevented by wortmannin, which inhibits ATR and
ATM (Fig. 1C). Therefore, arginine methylation of hnRNP
K is induced in cellular response to UV stress.
3.2. Methylation of hnRNP K enhanced its aﬃnity with p53
Since hnRNP K, as a co-factor of p53, is involved in re-
sponse to UV radiation [11], it is quite possible that UV-in-
duced arginine methylation of hnRNP K also regulated p53
transcriptional activity. To test this hypothesis, co-immuno-
precipitation between hnRNP K and p53 was ﬁrstly per-
formed. As shown in Fig. 2A, inhibition of methylation in
hnRNP K markedly attenuated the enhanced association of
hnRNP K with p53 upon UV exposure after 1 h (Fig. 2A,
lanes 2 and 5). Moreover, the speciﬁc inhibition of arginine
methylation by MTA was further validated by the facts that
UV-induced p53 stabilization and p53 phosphorylation on
Ser15 were not aﬀected (Fig. S1). It suggested that UV-induced
methylation of hnRNP K enhanced its aﬃnity with p53.
The interaction domain of p53 protein with hnRNP K pro-
tein, which was methylated or not, was detected by in vitro
GST pull-down assay. Series deletions of p53 gene were con-
structed to map the binding domain, including full length
p53 (1–393), p53-TAD (1–101, containing N-terminus transac-
tivation domain), p53-DBD (98–322, containing sequence-spe-
ciﬁc DNA binding domain) and p53-CTD (293–393,
containing C-terminus domain) [17]. As shown in Fig. 2B,
Fig. 2. Methylation of hnRNP K enhances its aﬃnity with p53 in vivo
and in vitro. (A) Co-IPassay. Extracts from U2OS cells were treated as
indicated and analyzed by co-immunoprecipitation of hnRNP K with
p53 by using an anti-p53 antibody followed by WB with antibodies
indicated. (B) Mapping of interaction region of p53 with arginine
methylated hnRNP K and its unmethylated format. GST alone, GST-
hnRNP K (GST-K) and methylated GST-hnRNP K (GST-Km) were,
respectively, incubated with p53 full length or its deletions as indicated
and subjected to GST pull-down assay.
Fig. 3. Methylation of hnRNP K enhances p53 transcription activity.
(A, B) Eﬀect of the inhibition of methylation on the recruitment of p21
promoter in U2OS cells. Cells that had been treated as indicated and
incubated for the indicated times were subjected to ChIP with
antibodies indicated. Precipitated DNA was subjected to PCR with
primers covering the p53-response elements of the p21 promoter. (C)
Eﬀect of the inhibition of methylation on mRNA expression of p21 in
U2OS and BEL-7404 cells. U2OS cells were transfected with PRMT1-
RNAi (PRMT1i) or control GFP-RNAi (GFPi) plasmid for 48 h later.
mRNA level of p21 was analyzed, normalized mRNA level of
GAPDH house-keeper gene. (D) Eﬀects of the abrogation of meth-
ylation on luciferase activities of PG13. U2OS cells were treated with
mock or MTA prior to UV exposure, and then maintained for 6 h
(*P < 0.01). (E) Eﬀects of the abrogation of methylation on mRNA
expression of p21 in temperature-inducible p53 transactivation system.
Extracts from SaOS-2 cells, incubated in the presence of mock or MTA
for 24 h, were analyzed by immunoprecipitation with an anti-hnRNP
K antibody followed by WB with antibody indicated. With the
presence of p53V143A, cells were treated with mock or MTA prior to
exposure at 32 C for the time indicated. mRNA level of p21 were
analyzed, normalized mRNA level of GAPDH house-keeper gene. (F)
Eﬀects of methylation in hnRNP K on the association of p53 to p21
promoter in temperature-inducible p53 transactivation system. Nucle-
ar extract from cells treated with mock or MTA; a 40-fold excess of
unlabeled probe (cold probe) was then added to trap p53; 50 ng of the
recombinant protein indicated was added (G, GST alone; K, GST-
hnRNP K; Km, methylated GST-hnRNP K), lane 1 as loading control.
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with p53 and p53-DBD. Moreover, hnRNP K was also ob-
served to directly interact with p53-CTD, and methylation of
hnRNP K weakly attenuated the interaction. Thus, we con-
ﬁrmed that methylation of hnRNP K enhanced its aﬃnity with
p53 at DNA-binding domain.
In response to DNA damage, p53 posttranslational modiﬁ-
cation to C-terminus domain, such as phosphorylation and
acetylation, was observed [9]. The modiﬁcation might attenu-
ate the association of hnRNP K with C-terminus domain of
p53. It is the possible reason that associations of hnRNP K
with p53 in the absence of UV treatment (Fig. 2A, lanes 1
and 4) were stronger than that upon UV exposure after 3 h
(Fig. 2A, lanes 3 and 6).
3.3. Suppression of methylation in hnRNP K attenuated
recruitment of p53 to p21 promoter and reduced expression
of p21 mRNA
Because methylation of hnRNP K markedly enhanced its
aﬃnity with the DNA-binding domain of p53 directly, it is
necessary to explore whether UV-induced methylation in
hnRNP K increases transactivation activity of p53. CDKN1A
(p21) gene is a well-known downstream target gene of p53 [7].
In chromatin immunoprecipitation (ChIP) assays, the tran-
sient recruitments to p21 promoter by antibody against
hnRNP K and against methylated arginine residue were ob-
served upon UV exposure after 1 h (Fig. 3A). Inhibition of
methylation attenuated recruitments of both hnRNP K and
p53 to p21 promoter (Fig. 3B). And we observed that suppres-
sion of arginine methylation by either MTA treatment or
depletion of endogenous PRMT1 reduced expression of p21
in U2OS and BEL-7404 cells (Fig. 3C). Furthermore, to verify
the eﬀects of methylation in hnRNP K on p53 transcriptional
activity, a p53-responsive luciferase reporter plasmid contain-
ing 13 copies of the p53 DNA-binding site in p21 promoter
(PG13) was used. Abrogation of methylation also decreased
luciferase activity in p21 reporter (Fig. 3D). Thus, inhibition
Fig. 4. Methylation of hnRNP K aﬀected p53-dependent transcription. (A, B) Eﬀects of the abrogation of methylation on luciferase activities of
PG13 (A) and SV40 (B). After co-transfected with indicated plasmids for 24 h, SaOS-2 cells were treated with mock or MTA, and then were switched
to temperatures indicated for 6 h (*P < 0.01). (C) Eﬀects of the abrogation methylation on protein expression of GADD45 in temperature-inducible
p53 transactivation system. Cells were treated with mock or MTA prior to exposure at 32 C or 37 C for 12 h. GADD45 protein was determined by
western blot analysis. Alpha-tubulin was determined as loading control.
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p21 promoter and reduced expression of p21.
The Mre11 protein, one of the members of the Mre11-
Rad50-Nbs1 (MRN) complex, is arginine methylated by
PRMT1 [18]. And the MRN complex is required upstream
of ATR to facilitate ATR activation in cellular response to
UV stress [19]. Since inhibition of arginine methylation might
suppress activation of the ATR-mediated DNA damage–re-
sponse, a temperature-inducible p53 transactivation system
was generated. In this system, p53-null SaOS-2 cells were
transiently transfected with p53V143A, a temperature-sensitive
mutant of p53, which could induce transactivation of down-
stream target genes at 32 C or below, but usually lose the
transactional activity at 37 C [20]. As shown in Fig. 3E,
expression of p21 was induced at 32 C by ectopically ex-
pressed p53V143A. And we found that abrogation of methyla-
tion attenuated associations of p53 to probe in EMSA assay
(Fig. 3F, lanes 2–5) and reduced mRNA expression levels of
p21 at 32 C (Fig. 3E), which was coincided with the result in
Fig. 3B and C. Furthermore, we also found that association
with probe was markedly enhanced when recombinant
GST-hnRNP K proteins, whether or not methylated, were
added to nuclear extracts treated with MTA. And the associ-
ation added with methylated GST-hnRNP K (lane 10) was
stronger than that with its unmethylated form (lane 11). In
addition, a wide dim shift band of higher molecular weight
(H-shift band) was observed in lane11 (Fig. 3F and S3).
Therefore, the enhanced association of hnRNP K with p53
facilitated recruitment of p53 to p21 promoter and expression
of p21.
3.4. Methylation of hnRNP K is a key element in p53-dependent
transcription
To verify that p53 is necessary to the transcription that was
aﬀected by methylation of hnRNP K, luciferase assay was per-
formed. With the presence of p53V143A at 32 C, abrogation of
methylation also decreased luciferase activity in p21 reporter.
While the luciferase activities were not aﬀected with the ab-
sence of activated p53 (Fig. 4A). And with the presence of
p53V143A at 32 C, abrogation of methylation did not inﬂuence
luciferase activities directed by p53-independent promoter
(SV40) either (Fig. 4B). Furthermore, a similar fashion in
GADD45 protein expressions was observed (Fig. 4C). So,methylation of hnRNP K is a key element in p53-dependent
transcription.
We have veriﬁed that hnRNP K was rapidly arginine
methylated in response to UV stress. Furthermore, methyla-
tion of hnRNP K enhanced its aﬃnity with p53 and in-
creased the transcription response of p53. Previous work
has established that p53 binding is not a stable event and
that p53 can dissociate from DNA in the absence of other
factors [21,22]. Since arginine methylation of hnRNP K en-
hances association between hnRNP K and p53, it may help
circumvent this instability. On the other hand, hnRNP K
might also help p53 to search for its target sites in the gen-
ome. As hnRNP K has been reported to display some se-
quence preference for its binding, it is possible that it
enhances the association of p53 to its target promoters,
depending on their sequence features [23]. The recent identi-
ﬁcation of the DEAD box RNA helicase p68 as a new p53
coactivator further fuels this type of model[24]. Based on
our data, we surmise that UV-induced methylation of
hnRNP K facilitates the assembly and/or stability of p53
promoter complexes and facilitates additional steps of tran-
scription-complex assembly together with transcriptional ini-
tiation itself. Then hnRNP K disassembles from the
promoter/p53/hnRNP K complex along with demethylation
and degradation of methylated hnRNP K. After disassem-
bly, as a multifunctional protein, hnRNP K may play roles
in the successive processes of transcription and translation.
This could partially explain the mechanism of hnRNP K
in response to DNA damage and support the role of argi-
nine methylation in the regulation of protein–protein inter-
action.Acknowledgements: We thank Dr. Bert Vogelstein for PG13 plasmid,
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